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The sensitivities of immunoassays relying on conventional radioisotopic labels (i e 
radioimmunoassay (RIA) and immunoradiometric assay (IRMA)) permit the measurement of" 
analyte concentrations above cs 10' mo.ecu.es/m.. This .imitation primaril^e i the 
case of competitive or 'limited reagent' assays, from the 'manipulation errors a is.„ B in Ee 
system combined wrth the physicochemical characteristics of the particular ant body used 

mTeXoortan't^ 6 1 ^T"""' *• Sped,iC ° f *« *™ ™Y P«.V i 

more important constraining role. It is theoretically demonstrable that the development of 

assay techniques yielding detection limits significantly lower than 10' mo.ecu.es/m. depTnds 

(1) the adoption of 'non-competitive' assays designs; 
5 ? e ^ S8 ^ '. abe,S ° f hl9hef Speclfic activit V than radioisotopes; 

invoked ' ent diSCrimin8tion between th « P'° d "«s of the immunological reactions 

th^lT^aZVuLT !!. UOreSCen, «*"■»*•• are capable of yielding higher specific activities 
than commonly used radioisotopes when used as direct reagent labels in this context and both 
thus provide a basis for the development of 'ultra-sensitive'. non-competitive, immunoassay 
methodologies. Enzymes catalysing chemiluminescent reactions or yielding fluoresced 
reaction products can likewise be used as labels yielding high effective specific att Mt 2 an^ 
hence enhanced assay sensitivities. ««ivraes ana 

A particular advantage of fluorescent labels (albeit one not necessarily confined to them) lies 
in the possibility they offer of revealing immunological reactions localized tn 'microTpots' 
distributed on an inert solid support. This opens the way to the development of an entirely new 
generation of ambient analyte' microspot immunoassays permitting the simultawoM 
measurement of tens or even hundreds of different ana.ytes in the same small sample using 
(for example) laser scanning techniques. Early experience suggests that microspot assays wrtS 
sensitivities surpass.ng that of isotopically based methodologies can readily be developed 

mic^scopy U ' traSensitive im ™noassay; fluorescent microspot immunoassay; confocal 

•Author for correspondence. 
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INTRODUCTION 

• 

Immunoassay methods relying on radioisotopic 
lcbe s have played a major role in medicine and 
other biologically related fields (agriculture 
veterinary science, the food and pharmaceuticli 
industries, etc.) during the past two decades 
Their importance has derived from the exploita- 
tion both of the 'structural specificity' characteriz- 
ing antibody-antigen reactions and the 'detecta- 
bihty of .sotopically-labelled reagents, the latter 
permitting observation of the binding reactions 
between exceedingly small concentrations of the 
key reactants involved. The combination of these 

5? endowed . r . "d'o^munoassay 
methods with unique specificity and sensitivity 
characteristics, and accounts for their ubiquitous 
use throughout modern medicine and bioloev 
However in the past few years, interest has 
increasingly focused on so-called 'alternative' 
non-radioisotopic, immunoassay methods; Mich 
techniques are based on essentially identical 

markers used 

to labe the particular immunoreactant (antibody 
or analyte) whose distribution between bound 
and free moieties (following the basic analvtical 
reaction) constitutes the assay 'response' " The 

ZSE&F imereSt bC ~ un^er 
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fundamental reason for their replacement stems 
paradoxically, from the current requirement t 
develop microanalytical techniques which a e 
superior to them in this particular respea 
Radioisotopic methods are, in practice, limited to 

abo U Tin" r , e r5 em ,° f a r al},te con «ntrations above 
, JJlr 10 mo,ec "'es/ml (i.e. approx 0 J5-1 5 
pmo / ) (Dakub elaU ]984) \ „ ow PP er » 

iields (e.g. virology, tumour detection) there is a 
particular need to detect or measure molecu a? 

Sine 10 " 5 ^ thiS ^ ^Cton w h " ch 

determine immunoassay sensitivity have been 

S'^« d, i S T ed (EkinS et ^"968, 1970a; 

1984 Ekins, 1985). Nevertheless, some of the 
underlying concepts are still frequently misunder- 

context and merh bri£f diSCUSSi0n in " h ~n« 



The concept of sensitivity 



. } ftvZ 1 g,S,,C; ec ° nomic ; practical- 

' S d conven,e " ce ' et <- O e. 'non-scientific) 
S 2 a " a,nmem 01 hi i"er sensitivity. } ' 

(3) The development of 'immunosensors' and 
immunoprobes'. 

(4) The development of 'multi-analyte' assay 
systems. 3 " 

Our own reasons for develoDinc non icn, rt „.v 
techniques fall principally undeffid n °g (2° °and 
(4), and this presentation will centre primari y on 
the concepts which underlie our immunoassay 
development strategy in these areas. ° assay 

■ ♦ 



THE ATTAINMENT OF 'ULTRA-HIGH' 
IMMUNOASSAY SENSITIVITY 

Though, as indicated above, the sensitivity of 
radioisotopically based immunoassay methods 
has constituted one of the principal foundation 
of their w,despread use over the past 25 years a 



One major source of past confusion has been 

.tT S e?f mem rCgarding ,hC COn ^ of 'sensi iv" 
w th the do an >' f au K ,h ° rs assay sensitivity 

with the slope of the dose-response curve fYalow 
and Berson, 1970a, b; Berson^and Ya low 1973 
see als 0 Ekins « a/., 1970b, Tait, 1970) It is now 
widely agreed that the notion that a s ee pe T 
dose-response curve implies greater sensit' vhy k 
erroneous. The invalidity of This belirfS^SriJ 
revealed by the fact that the relative magnitudes 
of the responses yielded by two assay systems is 
dependent on the particular variable which s 
S'° the response (see Fig 

1(a) (Ekms, 1976). For this and other reasons 1i 
has long been recognized that the 'sen S' 
an assay can only be satisfactorily represented by 
its lower limit of detection (Fie Uhtt 

I™??*™ - h odied « h?L*^ 
agreed definitions of the term. An essential y 
identical definition is as the precision ie 
standard deviation) of measurement of zero dose 
since this quantity determines the least quantity 
distinguishable from zero and hence he as av 
detection limit. The sensitivity of an assay is thus 
represented by the zero-dose intercept of the 
precision profile' (Fig. 2(a)) when the l«?er h 

th? nf fr temS ,° f Slandard deviation rathe 
than of coefficient of variation (Ekins 1983a) In 
short, the more sensitive of two assays is throne 
yielding greater precision of the zero dose 
estimate (Fig. 2(b)). se 
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Figure 1. (a) Diagrammatic representation of conventional RIA dose-response curves for systems using high (hi) and low (I ) 
antibody concentrations plotted in terms of free-bound (F/B) and bound/free (B/F) labelled antigen. Note thauhe us! of a lowe 
amount of antibody yields a oose-response curve of greater slope in the F/B plot, but of lower slope in XS^fth 
impossible to dec.de on the basis of the data shown in this figure, which concentration of antibody yields the assay system f 
higher sensitivity, (b The sensitivity of an assay is essentially represented by the minimum detectable dose i e the of thi 

^7fu f « s p«, e8 ,) x tD/6R)o). This quantity is unaffected by the choice of the coordinate frame used to 

plot the Response curve. (Note: it is common to multiply (SD (005e) ) c by an arbitrary factor to increase tff ^7SJ^ 
anachmg to the minimum detectable dose estimate, though, since no agreement exists regarding the value o^is taS «s 
unnecessary step merely adds to confusion when the relative sensitivities of two assay procedure fare compa ed ) 



'Competitive' end 'non-competitive' ('limited 
reagent' and 'excess reagent') assays 



A second important misconception in this area is 
the notion that immunoassays relying on the use 
of labelled antibodies (e.g. immunoradiometric 
assays, IRMA) are ipso facto more sensitive than 



those which rely on the use of labelled 'analyte* 
(e.g. radioimmunoassays, RIA); furthermore the 
grounds originally advanced for the claimed 
superiority of labelled antibody methods (Miles 
and Hales, 1968) were partially based on false 
concepts of sensitivity, and thus failed to identify 
the true reasons why certain assay designs are 





100 




100 



(b) 

Figure 2. (a) The 'precision profile' of an assay portrays the error in the dos measurement as a function of dose The error 
may be represented, inter alia, by the absolute error (AD; e.g. SD of D) or the relative error (AD/D* eg CV of D) (AD)« the 
error in the measurement of z ro dose, represents the sensitivity of the assay. The working range may be defined as the ranoe 
of dose values within which i A DID is less than an 'acceptable' value set by the investigator, (b) The more sensitive of the two 
assays (assay I) mterc pts the AD axis at a lower value. However, assay II is more precise at higher values of dose and has a 
wider working range. 9 ' ° u m9 ■ 
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potentially capable of yielding far higher sensitiv- 
ity than others. This issue likewise merits 
clarification. 

The purdy pragmatic sub-classification of 
immunoassays into labelled antibody and labelled 
analyte methods diverts attention from a more 
fundamental divide in immunoassay methodolo- 
gy, which relates to the optimal concentration of 
antibody required in an assay system to maximize 
Jts sensitivity. In certain assay designs (which mav 
be termed 'limited reagent' or 'competitive') the 
optimal concentration tends to zero; conversely in 
others (which may be termed 'excess reagent 7 or 
'non-competitive") the concentration tends to 
infinity. It should be particularly emphasized that 
the optimaJ antibody concentration is essentially 
governed, not only by the physicochemical charac- 
teristics of the antibody-analyte binding reaction 
but also by the errors incurred in measurement of 
the assay response. Were an assay system to be 
totally error-free, no antibody concentration 
would be optimal, and the distinction between 
competitive and non-competitive methodologies 
would thus not arise. 6 

Though it is inappropriate in this presentation 
to discuss in detail the statistical and phvsico- 
chemical theory underlying this fundamental 

;/ ,Ve 1 r i^ C ^Q^ im 7 1U r° aSSay des, 'S n < see Ekins « 
iyoa, jy/ua; Jackson et a/., 1983), the reason 

for it can perhaps be more readily understood if 
the basic principles of immunoassay are portrayed 
in a somewhat different way from that in which 
they are usually presented. All immunoassays 
essentially depend upon measurement of the 
fractional occupancy' by analyte of antibody 
binding sites following reaction of analyte with 
antibody (see Fig. 3(a)). Those techniques which 
implicitly rely on measurement of residual 
unoccupied, binding sites optimally necessitate 
the use of concentrations of antibody tending to 
zero and may be termed -competitive', converse- 
ly those in which occupied sites are directlv 
measured necessitate use of high antibody con- 

S tr- £Sy ^ J ermed * no "-«»npetitive' 
(Fig. 3(b)). This emphasizes that the differences 
in assay design characterizing so-called competi- 
live and non-competitive methods are essentially 
unrelated to which component (if any) of the 
reaction system is labelled. Indeed immunoassays 
in which no label of any kind is involved can on 
identical grounds, be subdivided into those of 
limited reagent' (or 'competitive') and 'excess 
reagent' (or 'non-competititve') design. Thus the 
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distinction between these two forms of im- 
munoassay simply reflects differences in the way 

and Ihe^nLT^ ° CCUp ™> is de *rmined! 
and the fact that ,t is generally undesirable-for^ 

reasons of accuracy-to measure a small quantity 

by es i mating the difference between two lane 

TaTuremen? 6 ? " ,mmUn ° aSSa >' 

sTtes th rli unoccu Pied antibody binding 

sites, the total amount of antibody used in the 

resulting (indirect) estimate of occupied sites. 

Measurement of occupied sites 

-#>• 
<♦>-• 
< 
< 

k 

Two site labelled antibody assay 



*y, "J Measure 

l occupied sites 

t 

| Separate 

y 
y 

Single.,,,, latHtig imiboay „ Uy 



NON-COMPETITIVE IMMUNOASSAY" 

* ~* " *°' manmal sensitivity 
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S>ngl* s,te labelled antibody assay 



COMPETITIVE IMMUNOASSAY" 

Ab o for maitmai sensitivity 



Labelled antigen 

Labelled antudiotypic antibody 



^ Labelled antibody 
^ Analyte 



2STti" distinc "° n between -non-competitive- (above) 
and comp e t, llve - immu noassa V s (below) reflect! 
ant.body bmding-site occupancy is meaLS k 
anybody methods are non<ompeti fveTocculn . ^ 
the (labelled) antibody are measured h, ° Ccup,ed Sltes °< 
(below right, when u^c^^J^ u S^S^ 
antigen (below left) nr laK^n ^ ed ' Labe,,ed 
methods '(bX centre 0 

unoccupied bv anaiv/to measurement of sites 

compel- desfgr! T ' ^ ,he ' ef ° re Variably, of 
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^Competitive" immunoassay % Non-competitive* immunoassay 




Ficure 4. Curves showing the theoretically predicted relationship between antibody affinity and the sensitivities achievable 
using 'competitive' and 'non-competitive' assay strategies. The 'potential' sensitivity curves assume the use of infinite specific 
activity labels; the sensitivities achievable using 12£ l-labelleo antigen or antibody are also shown. Shaded areas indicate th 
sensitiviTy less due to errors in measurement of the label. Curves relatinc to 'competitive* assays assume a 1% error in 
measurement of the response variable arising from 'experimental' errors (i.e. errors other than those inherent in label 
measurement perse). Non-competitive curves assume 'non-specific bindtno' of labelled antibody of 0.01% and 1% (lower and 
upper curves) respectively. Arrows indicate sensitivities claimed for typical non-competitive immunoassay methodolooies 



Conversely, when occupied sites are measured 
directly, this particular constraint does not arise; 
indeed, considerable advantage often derives 
from using relatively large amounts of antibody in 
the system. 



Sensitivity of 'competitive' and 
'non-competitive' immunoassays 

Competitive and non-cQmpetitive immunoassays 
differ significantly in many of their performance 
characteristics in consequence of the differences 
in optimal antibody concentration on which they 
rely. Most particularly they differ in their 
potential sensitivities. Figure 4. portrays the 
sensitivities predicted theoretically as a function 
6f antibody binding affinity, making realistic 
assumptions regarding the experimental errors 
incurred in reagent manipulation, 'non-specific' 
binding of labelled antibody, etc., and assuming 
the use of optimal reagent concentrations (Ekins, 
1985). Amongst other concepts illustrated in the 
figure is the much greater assay sensitivity 
potentially attainable (using an antibody of given 
affinity) by adoption of a non-competitive 
approach. In short, whereas the maximal sensitiv- 



ity realistically achievable using a competitive 
design is in the order of 10 7 molecules/ml (using 
antibody of the highest affinity found in practice), 
a non-competitive method is capable of yielding 
sensitivities some orders of magnitude greater 
than this. However, Fig. 4 also demonstrates that, 
assuming the use of high affinity antibodies (i.e. 
-10 u -10 12 1/m), maximal sensitivities yielded by 
isotopically based techniques (whether relying on 
labelled antibody (IRMA) or labelled analyte 
(R1A), or whether of competitive or non- 
competitive design) are closelv comparable, i.e. 
of the order of 10 7 -10 8 molecules/ml. 

This limitation is a manifestation of the fact 
that, in the case of the non-competitive methods, 
an important constraint on assay sensitivity is 
(under certain circumstances) the 'specific activ- 
ity' of the label used. On the other hand, 
limitation of assay sensitivity due to the low 
specific activity of radioisotopic labels does not 
often arise, in practice, in the case of competitive 
assays, whose sensitivity is generally restricted by 
other factors (Ekins, 1985). The fundamental 
significance of this conclusion is that, only by the 
use of labels possessing specific activities higher 
than those of the commonly used radioisotopes in 
assays of non-competitive design, can current 
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• sensitivity limits be breached. Conversely, use of 
■ higher specific activity i abe j in a competlivl 

S *w U2,,y hSVe "° S, *« nifican « effecf on hs 
sens,tiv,ty (assuming experimental errors incu ! 

red jn reagent manipulation of the magnitude 
generally encountered in practice). c£nuuae 

High specific activity non-isotopic labels 

JSiJU™ 'l PeC, ' fiC aCt,Vity ' is conventionally 
-pphed in the case of radioisotopic labels to 

denote the number of radioactive disintegrations 

abelled compound In the present context, use of 
the term is widened to signify 'detectable events' 
per unit time per unit weight of labelled material 
Thus it can be used to indicate the rate of photon 
emission by a chemiluminescent or fluorescent 
label, or the rate of conversion of substrate 
molecules-by an enzyme label-to molecules of 
a detectable product. The importance of the 
concept derives from the fact J£ 
measurement error' (i.e. error in the measure 
mem of the label per se) is a contribuSy fa"S7n' 
tanning assay sensitivity, and may-^Jn mhe? 
sensitivity-constraining factors are reduced^ 
become dominant. Furthermore, when extending 
he sensitivities of immunoassay svstems bevond 
their present limits, the numbers' of molecules 

involved are low, and statistical errors incurred in 
coun ling indj - dual . d£IectabJe ey Or incurred m 

lime required to count them, may assume a 
panicular importance. 7 assume a 

Table ] compares the specific activities of 
potentially useful labels with that of 125 1 AH are 
of relevance in the context of this volume since 
chemiluminescent and fluorescent labels can be 
used to label antibodies (or antigens) directly 
alternatively, enzyme labels catalysing reactions 
yielding chemiluminescent signal/or Lore cem 
products can be utilized. »"'«ceni 
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the specific activitv of " wliiS ■ * that ' thou 8»» 
not in P»ctice?^ 

competitive essays (see Fin TL , sensrt » v «ty of 
activity of 3 H ^s^?*^ , £r r $P ^ C 
of competitive assays (e? ^S^? 1 ™*** 
which rely on the ull Si- 0,d horm ones 
tope 0f th,s Particular radioiso- 

Specific Activities 



3 H: 

Enzymes; 



Chemiluminescent 
labels 

Fluorescent labels: 



1 detectable event/sec/7.5 x to 6 

labelled molecules. 

1 detectable event/sec/5.6 x to 8 

labelled molecules. 

Determined by enryme 'amplify 

tton factor' and detectability of 

reaction product. 

1 detectable event/labelled mole- 
cule. 

Many detectable events/labelled 
molecule. 



The importance of background in 
non-competitive immunoassays 

A second important factor governing the sensitiv- 
ity of non-competitive labelled-antibody im- 
munoassays is the 'background' or 'blank' signal 

since error in 

the measurement of this signal is clearly a major 
determinant of the error in measurement of zero 



dose Amongst contributors to the backprnnnH 

S' "more '7*' °\ ** ^ WSSSS 
"andwicV S,gna ' * enera '°* (such as, in 
amZ^. ""munoassays, solid 'capture- 

SSSot SUPP ° m ° r> in the <** o{ "dioisotootc 
methods, cosmic ray and other extraneous radia- 

.on sources) and 'non-specifically bound abeN 

led antibody. Minimization of each of these 

meTaritSmj, 5 T W ^ ™*'™?sen it.vjy 
mere arithmetic subtraction of background is of 
absolutely no benefit in this context 
. Non-specific binding of antibody is of canicular 

ssxrr ,he m / agni,ude ° f & 'ssssi 

anHhS " dem " ;mer alia - °" the amount of labelled 
antibody used m the system, and the duration of 
•ts exposure to analvte. Thus increa.fr I ,H 

of m s°uch f ! a h be L led K an '^y S-S'i: 

of such antibody bound to analvte; however i 
moe,v o° a inCreaSe ,h£ non - s Pecifical.y bound 
cause ^^""".^nional extent/and thus 
cause a net reduction in sensitivity. This effect 

Si* ,0S h S Senshivi, >' at higher am body 

underlie ,k. i ■' r. Th,s Phenomenon also 
thJ J« ■ relationship between sensitivitv and 

ieptaS S F, 0 p nSt r l TK 0f ,h£ labdled antibS; 
aepicted in Fig. 4. The possession by labelled 

antibody of a high affinity constant implies th« a 
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Antib dy Affinity 




1 ' 1 1 t 

10 10 10 

Labelled Antibody Concentration 

(moles/liter) 



Figure 5. Assay sensitivity (represented by the standard 
deviation of the zero dose measurement. o 0 ). plotted as a 
function of the concentration of labelled antibody (of affinity 
10 U L/M) used in the assay, assuming different levels of 
non-specific binding of labelled antibody JNote: an irreducible 
instrument background has been assumed in the computa- 
tions represented; this limits the ultimate sensitivity attain- 
able, regardless of the concentration of antibody used.) 



lower concentration is required to yield the same 
level of analyte binding, albeit with reduced 
non-specific binding, thus increasing assay sensi- 
tivity 

In summary, the high sensitivity of non- 
competitive labelled antibody methods derives 
essentially from their permitted use of optimal 
concentrations of antibody which (provided non- 
specific binding of labelled antibody is low) 
are generally considerably greater than in com- 
petitive methods, not from the fact that the 
antibody is labelled. Labelled antibody methods 
generally fall in sensitivity as the concentration of 
antibody is reduced towards zero, ultimately 
yielding a sensitivity theoretically identical to that 
of competitive methods (Rodbard and Weiss, 
1973). (Paradoxically, early exponents of labelled 
antibody methods, whilst claiming them to be of 
higher sensitivity, also concluded that their 
sensitivity was increased by reduction in the 
amount of labelled antibody used (Woodhead ei 
al., 1971). This incorrect conclusion — based on 
observation of effects on the slope of the 
dose-response curve— exemplifies the many falla- 
cies encountered in the immunoassay field stem- 
ming from confusion regarding the concept of 
sensitivity discussed above.) Finally it should be 



emphasized that maximization of the sensitivity of 
a non-competitive immunoassay generally implies 
the selection of reagent concentrations and other 
experimental conditions such that the [analvte 
signal/background] ratio (i.e. sfb) is maximized. 
However, this simple relationship disregards 
statistical considerations which arise when the 
numbers of detectable events are very low, and a 
more appropriate objective may, under these 
circumstances, be maximization of the ratio s 2 lb 
(Loevinger and Berman, 1951). 



Other performance characteristics of 
competitive and non-competitive 
immunoassays 

Non-competitive designs also display a number of 
other advantages deriving from the relatively high 
antibody concentrations on which they generally 
rely. These include increased reaction speeds 
(and hence shorter incubation times), decreased 
vulnerability to certain environmental effects 
(which cause variations in binding affinity be- 
tween antibody and analyte), reduced sensitivity- 
dependence on high antibody binding affinity, 
etc. 

Nevertheless a price has to be paid for these 
benefits; this includes the greater tendency of a 
large amount of antibody to bind molecules 
differing from, but with structural resemblance 
to, the analyte itself, implying a loss of assay 
specificity. This effect generally necessitates the 
use, whenever possible, of an Mmmunoextraction* 
procedure using a second 'capture' antibody 
(usually directed against a different binding site, 
or 'epitope') as shown in Fig. 3(b). This 
technique— the 'sandwich' or 'two-site' im- 
munoassay (Wide, 1971)— thus potentially com- 
bines the twin virtues of ultra-high sensitivity and 
specificity (together with short reaction time), 
features of crucial importance in many diagnostic 
situations (for example, in the detection of AIDS 
viral antigens). (Note, however, that the loss of 
specificity inherent in non-competitive assay 
designs implies that they are less readily applic- 
able to the measurement of analytes of small 
molecular size, which cannot be simultaneously 
bound by two different antibodies directed 
against different antigenic sites on the molecule. 
Such analytes are generally more appropriately 
measured using 'competitive' assay methods.) 
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Development of ultra-sensitive 
immunoassay methodologies 

The perception that the development of 'ultra- 
sensitive' immunoassay systems (i.e. svsiems 
surpassing conventional R1A methods in sensitiv- 
ity; depends on (a) reliance on 'excess reagent' or 
non-competitive' assay designs; (b) the use of 
non-isotopic labels displaying higher specific 
activities than commonly used radioisotopes: (c) 

separation svsiems 
non-specific antibody 
binding, and hence of signal 'backgrounds'), and 
(d) dual or multi-antibody analvte-recoenition 
systems (exemplified by 'sandwich' or two-site 
assays) 10 maintain/increase assay specificitv has 
formed the basis of our own laboratory's' im- 
munoassay development since the early to mid- 

us, inter alia, to an 
immediate recognition (Ekins, 1979, 1980) of the 
importance of the in vitro techniques of mono- 
clonal antibody production pioneered bv Kohler 
and Milsiein (1975), which are currently the 
subject of bitter patent disputes in the'USA 
(Ezzell, 1986, 1987a,b), and which mav be 
expected in Europe. " 

Meanwhile, of the candidate labels for use in 
this context, both chemiluminescent and fluores- 
cent labels offer many attractions. The develop- 
ment of stable, highly chemiluminescent, acridi- 
niuin esters by McCapra and his colleagues 
(McCapra et al., 1977) has subsequently been 
exploited by Weeks et al (1983, 1984) and, more 
recently, by several commercial kit manufactur- 
ers; other workers have used more conventional 
chemiluminescent compounds to label immuno- 

1984 1985; Barnard era!., 1985). Yet others have 

n e np e ,nirax'I Zyme l^, *° ^milumi- 

nogen.c (Whitehead era!., 1983) and fluorogenic 
(Shalev ei al., 1980) reactions as indicated above 
Detailed description of these various methodolo- 
g.es is presented by others in this volume and 
need not be duplicated here. 

Common to ail the 'ultra-sensitive' immuno- 
assay methodologies relying on such alternative 
abe s is their dependence on a non-competitive, 
labelled antibody, assay strategy whenever 
appropriate; however, for the reasons indicated 
above, competitive methods continue to be 
generally employed for the measurement of 
analyies of small molecular size (e.g. therapeutic 
drugs, steroid and thyroid hormones etc) 
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w^ ekS$, tht convenience ( from a manufac. 
tunng viewpoint, and for other technical reasons) 

of relying on standard labelling procedures has 

meant that, even in these cases, labelled antibody 

techniques are increasingly preferred. Though the 

commercial kns based on these various labels 

differ to a minor extent in sensitivity, specificitv 

convenience, etc., such differences are at least' 

partially attributable to differences in the physl 

cochemica] characteristics of the antibodies used 

n the kits and to other 'immunological' factors 

l~se 6 PaniCUlar «"» *E 

Despite the obvious attractions of chemi- 
" min f e h scent ' e f ch "''q"es in an immunoa say con. 

Si ?h ° f nuorescent labels combined »°th 
sophist.ca ted t.me-resolution techniques for their 
detection (a concept arising from discussions w"h 

mid 1970, n V 0) 3ppeared ,0 us («• the 
ZLml for 0 T^s 8 ons " tT 

naturally included -ndiaSnf oTfiriihSSS 
specific activines and high signal to background 

Huorescence techni^aYso' 
'H e / 0Ute ,0 ,he development of 'mult' 
below y S ' VS,emS ° f the kind Ascribed 

^!. n K PUrSUanCe ° f this strategy, we be e an 
collaboranon with LKBAVallac, ca 1976-77^ 

echnn?' ° Pment ° f lhe instrumentation and 
technology requ.red to develop such methods 

generally known as the lanthanide chelates 
Oncludmg, in particular, the chelates of eur" 
pium, samarium and terbium facilitate such 
development, possessing prolonged fluorescence 

t^nZ eS ^T^ la ^ e Slok « shift 
stir ; uh I ° ,her deSirab,e P n >' sical character- 
cheao i' ? PCrmM the instruction of relatively 
^Ma i, nstrumentation for their measurement 
(Marshalled/.. 1981 ; Hemmila et al 1983) TT?e 
fluorescent properties of the lanthanide chelates 
may be compared with those of a conventiona 
fluorophor such as fluorescein which is charaae 
nzed by a much smaller Stokes shift (^Snmt 
and a fluorescent decay time and emission 
spectrum which imply that i, j s less Teaduv 
fn S bS S [ r ° m flUOreSCen ' subsla "" ' pTese'^ 

holder? Thf 35 biH . Ubin) ° r in P^stic 'sample 
"° ? e "' T L ne un 'que fluorescence characteristic 
of the lanthanide chelates thus permit thin "o £ 
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measured in the presence of a fluorescence 
background (deriving from extraneous sources) 
which, in practice, approaches zero. Fig. 6 
illustrates the basic concepts involved in pulsed- 
light, time-resolved, fluorescence measurement, 
which form the basis of the DELF1A immunoas- 
say system currently marketed by LKEAVallac. 

Though it is inappropriate to pursue this 
subject in greater detail, attention should also be 
drawn to the possibilities offered by phase- 
resolved fluorimetry. This permits separate iden- 
tification of fluorophores differing in fluorescence 
lifetime by their exposure to a sinusoidally 
modulated exciting light source, and observation 
of their demodulated, phase-shifted, light emis- 
sion (McGown and Bright, 1984). This technique 
offers the possibility both of the development* of 
homogeneous assays (relying on a difference in 
fluorescence decay time 6f bound and free forms 
of the fluorescent-labelled molecule), and of 
discriminating between two labelled antibodies in 
the context of multi-anaJyte € ratiometric' im- 
munoassay as discussed below. 



'AMBIENT ANALYTE' IMMUNOASSAY 

Before proceeding to a discussion of the develop- 
ment of multi-analyte assays, another important 
concept, termed 'ambient analyte immunoassay' 
(Ekins, 1983b), must first be examined. This 
term is intended to describe a type of immuno- 
assay system which, unlike unconventional 



Background 

fluorescence 




Figure 6. Basic principles of pulse-light, time resolved 
fluorescence. Fluorescence emitted by the fluorophor (typi- 
cally a europium chelate) is distinguished from background 
fluorescence, which d cays more rapidly. 



methods, measures the analyte concentration in 
the medium to which an antibody is exposed 
being essentially independent both of sample 
volume, and of the amount of antibody present. 
This concept is illustrated in Fig. 7, and relies on 
the physicochemically-based proposition that, 
when a 4 vanishingly small' amount of antibody 
(preferably, but not essentially, coupled to a solid 
support) is exposed to an analyte-containing 
medium, the resulting (fractional) 'occupancy of 
antibody binding sites solely reflects the ambient 
analyte concentration. Clearly the binding by 
antibody of analyte results in a depletion of the 
amount of analyte in the surrounding medium, 
but provided the proportion so bound is small 
(i.e. less than, for example, 1% of the total), such 
disturbance can be ignored. (This effect is closely 
analogous to that caused by the introduction of a 
thermometer into a medium possessing a much 
larger thermal capacity; the temperature disturb- 
ance caused by the thermometer itself is negligi- 
ble and can, in these circumstances, be disre- 
garded.) 

The principles of ambient analyte assay derive 
from the recognition that all immunoassays 
essentially depend upon measurement of the 
'fractional occupancy' by analyte of antibody 
binding sites following reaction of analyte with 
antibody as discussed above (Figs 3. (a) and (b)). 
The fractional occupancy of ('monospecific' or 
'monoclonal') antibody binding sites in the 
presence of varying analyte concentrations, plot- 
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Figure 7. Basic principle of 'ambient analyte' immunoassay 
(AAI). The fractional occupancy (F) of a vanishingly small 
amount of antibody (of affinity K) is determined by the anaryte 
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ted against antibody concentration, is portraved 
"i Fig. 8. The fraction of analyte bound i« iho 
plotted in this figure. (Note: for the sake of 
generality, all concentrations in this figure are 
expressed in terms of \IK, where K is the affinity 
constant of the antibody. For example, if K = 
10 L/M, a concentration of 0.1 x \IK represents 

?ri* i r" M/L ' 8 ° r01 X J0 ' n X J0 " 3 * : 6 02 x 
1(T = 6.02 x I0 8 molecules/ml.) 

It should be particularly noted that, at antibody 
concentrations of less than ca 0.01 x \ik antibody 
fractional occupancy is essentially dependent 
solely on the analyte concentration in the 
medium, and is independent of variations in 
antibody concentration. Thi: reflects the fact that 
this concentration of antibody binds less than 

analyte in the medium, 
irrespective of its concentration. This implies for 
example, that the introduction of 10. 100 or 3000 
antibody molecules into a medium containing 
billions of analyte molecules will result in each 
case, m virtually identical fractional antibody 
binding-site occupancy, the upper limit of anti- 
body concentration being determined bv the 
antibody affinity constant. (An antibody concen- 
tration of 0.01 x VK is a hundred-fold'les< than 
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that (1 x VK) necessary to bind 50% of a 'trace' 
amount of analyte (see Fig. 8), claimed by Berson 
andYalo w (1973) as maximizing assay 
wLn S i°P e ° f the d °se-response curve 

a rh J? PT £ Se< } ,'" ,ermS ° f boun ^ee labelled 
analyte). This false conclusion has subsequently 
become incorporated into the mythology of 
radioimmunoassay design which, regrettably a 

continue to accent \ 
The ambient analyte assay concept was oriii- 

wh \ has' comt T K 6 ,° riginal de ^'o P men g of 
*nat has come to be known as *tw 0 -step' free 

hormone immunoassay (Ekins ei aL y 1980) but h 
! c]ear . l hat it is of far wider applicat on and can 
"i particular, be utilized in the coSuc^on of 

^TZT™™ ^k' ™ muno Probes. One such 
example ,s a probe for the measurement of 

in on?; r oids iha ; is currem, >' W 

coat^H la 1 b °I al °^- Comprising a smaU antibody 
^t^TF COm P arab,e " *e and 
ntend,d I ? eraiom ^. this device is 

Zrat t V CTm u lhe measure ^ent of salivary 
S d i evels w,th ™ squiring the collection of 

r D mLrh T Ver ' C ° nCept also underli « our 
approach to muln-analyic immunoassay, also 
under development in our laboratory 
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MULTI-ANAL YTE 'RATI0ME7RIC 
IMMUNOASSAY SYSTEMS 

The concepts relating to ambient analvte im- 
munoassay and assay sensitivity outlined above 
are both exploited in our present development of 
a random access, multi-analyte, immunoassay 

measuring, in the same 
small sample, virtually any number of individual 
analytes from selected analvte 'menus' (e e a 
hormone menu, viral antigen menu, an allergen 
menu etc.). Many examples of a need to measure 
a multiplicity of different analvtes in the <ame 
sample exist in medical diagnosis, for example in 
the routine diagnosis of thvroid disease where it 
is frequently necessary to measure a number of 
different hormones and thyroid-related proteins 
At present, clinicians frequentlv experience diffi- 
culty in deciding on the best sequence of te<t< to 
arrive at a correct diagnosis. Such problems 
would be overcome were all relevant analvtes 
measurable at a cost comparable to the cost of 
measurement of a single substance. Our own 
immediate objective is the development of a 
technology permitting the measurement of com- 
plete hormone profiles' using a single small blood 
sample. However, the need for 'multi-analvte' or 
random access' measurement is not confined to 
medical diagnosis: it also arises, for example, in 
the pharmaceutical industry (where there exists a 
requirement to ensure the purity of protein drugs 
synthesized by recombinant DNA techniques) in 
the food industry and elsewhere. Though still at 
an early stage, our approach to the achievement 
of this objective can be briefly indicated. 

Multi-analyte assay: general principles 

As discussed above, the notion of ambient 
analyte assay simultaneously introduces two 
extremely important and novel concepts: (a) that 
an estimate of analyte concentration can be based 
upon the use of an infinitesimal amount of 
sampling' antibody, and (b) that such an estimate 
derives from a direct measurement of fractional 
antibody occupancy by analyte, irrespective of 
the exact amount of antibody used. It should be 
emphasized that the latter proposition is valid 
only in the context of ambient analyte assay and 
is not true in current conventional immunoassay 
systems (in which fractional antibody occupancy 
depends both upon the amount of antibody in the 



system, and sample volume— see Fig. 8). I„ short 
exposure of . small number of amibod mole' 
cules (,n the form, for example, of a 'mic^por 
located on a solid support) to an ana Me. 

KnZTK U,d '"J! 115 in ° CCU P anc >' of an'ibody 
binding sites in the microspot reflecting the 

analyte concentration in the medium. Follow ng 
such exposure, the antibody-bearing probe ma? 
be removed and exposed to a 'developS 
solution containing a high concentration of an 
appropriate second antibody directed against 
either a second epitope on the analvte moleSe 
this is large (i.e. the occupied site) or aeains 
unoccupied antibody binding sites in\he ca'se o 
small analyte molecules (see Fig. 3(b)). (Note- an 
antibody simulating antigen, and reac ing with 
unoccupied binding sites, is described 8 aT a 
mirror-image anti-idiotypic antibody'; the use of 
such an antibody mstead of labelled antigen is 
convenient but not essential, and is suggested 
here merely to simplify illustration of the basic 
concepts involved.) 

Subsequently, an estimate of binding-site occu- 

Kd°L V ampIing ' (so,id phase > anlibod y 

located m the microspot may be derived bv 
measurement of the ratio of signals emitted bv ihl 
rwo antibodies forming the dual-antibody 'coup- 
ets This can be conveniently achieved bv 
labelling the -sampling' and 'developing' ami- 
bod.es with d.fferent labels, for example, a pair of 
radioactive, enzyme or chemiluminescent ma °! 
kers. Fluorescent labels are nevertheless particu- 
larly useful in this context because, by the use of 
optical scanning techniques, they permit arrays of 
d.fferent antibody 'microspots' distributed over a 
surface, each directed against a different analyte, 
to be .ndiv.dually examined, thus enabling 
multiple assays to be simultaneously carried out 
on the same small sample. Fig. 9 illustrates these 
oasic ideas, and Fig. ]fj such an array. 



Microspot immunoassay sensitivity: 
theoretical considerations 

The notion that it is, in principle, possible to 
measure an analyte concentration using a micros- 
pot of ant.body comprising a number of antibody 
molecules .n the range ca lO'-lO 6 is likely, at firs? 
sight to appear surprising, and may/ indeed 
provoke scepticism regarding the assay sensitivi-' 
ties potentially attainable using this approach 
Clearly a number of factors, such as the sensitivity 
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and /» fluorescent photons emitted refleas tTCu^TfTi^te^f? f '"°'«ceni 'Celled antibodies. The ratio of a 
concentration to which the probe has been exposed It i« unaffected kL tLf 3n '!• S0 ' ely de P en °e™ °n the analyte 
monomolecular layer) on the probe surface. un 0 "ected by the amount or d.stribution of antibody coated las a 



of the signal measuring equipment, the density of 
antibody molecules on the surface of the solid 

ZZ°£ , elC r V Hke,y ,0 a P a " in 

determining final assay sensitivity. Such factors 

are in turn, dependent on the efficiency with 

which the particular labels used can be detected 

the adsorption properties of antibody supports,' 
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Figur 10 Multi-analyte 1 antibody array. Each antibody 
microspot represents a Vanishingly small' amount of 
antibody directed against an individual analyte. 



etc Though these are obviously variable, reason- 
able estimates can be made of the order of 
sensinvmes likely to be achieved on the basis of 
Z f T P 6 ,h ^ orelical calculations. To clarify 

! sensinI'° a W nt- 8 K d,SCUSsion < » ^ assumed that 
sensing antibody can be uniformly and consis- 

den L C ° a,Cd . ° n 3 , SO,id matrix « a standard 
density implying that only the 'developine' 

antibody need be labelled and measured in ordeV 

Imih^f K ,n , fraCt,0nal occu Pancy of sensing 
antibody binding sites. 6 

Fig. i 1 illustrates the surface of an antibody 
microspot, of surface area A(^), and (un C 

mLn t W ', lh T b ° dy of affinit > K(UM) in a 
monomo ecular layer of density D(molecules/ 
um ) Let us assume that the spot is exposed to an 
analyte-containing medium of volume .(ml), and 
«>"tam,ng an analyte concentration C molecules/ 
mi. The molecular concentration of antibody in 
the system is thus given by ADlv. (Note: the fact 
that antibody is situated on the surface of a solid 
support, and not evenly distributed throughout 
the medium does not affect the extent of analyte 

.h« Vk ^ ermo ^ vnamic equilibrium, assuming 
hat antibody binding sites are not impeded in 
heir reactions and have not been damaged during 

the coating process.) e 

h^ 1e t"^ hile ' fractionaI occupancy (F) of anti- 
body binding sites by analyte (at equilibrium) is 
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Surface area 

*->! A sq.fim 

*:*:•:-:->:-:---•->>>: 

.Antibody density [■ 
; Antibody affinity "X 



Avogadro's number: 

A/ molecules/M 



- — r =-ooy uunuuions 

Minimum test sample volume (M/S): >4 x D x /f x 10 S /7V 



given by the equation: 

F 2 - F(]/q + plq + j) +p/q = q (]) 

where p = analyte concentration, q = antibody 
concentration (both expressed in units of UK) 

Thus, for antibody binding site concentrations 
- 0 (i.e. q < 0.01), F = p/(l + p)- ( se e Fig. 8). 

Likewise, the fraction of anaJvte bound by 
antibody (J) at equilibrium is given by the equation: 

f 2 ~ f(Vp + qlp + 1) + qlp = 0 (2) 

Thus, for analyte concentration -* 0 (i e p < 
0 01),/= ql{\ + q); (see Fig. 8). Furthermore, 
when q < 0.01, and when p^0,f< 0.01. 

Expressed in units of 1/K; the concentration (q) 
in the assay of 'sensing' antibody situated on the 
microspot is given by DAK/(v x 6 x 10 20 ), (since 
Avogadro's constant, expressed as the number of 
molecules/mmol, is 6 x 10 20 (approximately)). 
The fraction of an analyte concentration -* 0 
which will be bound to the spot is therefore 
DAK/(v x6x]0 2 »+ DAK)t implying that the 
number of analyte molecules bound to the spot is 
given by vCDAKI(v x 6 x 10 20 + DAK). 

Case 1: sandwich (two-site) assay. Following 
incubation of sample with antibody, we assume 
the sample is removed, and the microspot then 
exposed to a volume V(ml) of a solution of a 
second, labelled, 'developing' antibody of affinity 
K* (L/M) at a concentration given by Q 
(expressed in units of \IK*). 



The fraction of analyte bound by labelled 
antibody (r) at equilibrium is given by the 
equation: 

F* 2 - r{VP + Qip + i) + Q/p = q ( 3 ) 

where P represents the analyte concentration in 
the developing-antibody solution, expressed in 
units of VK', i.e. vCDAKK'lUv x 6 x lO 20 + 
DAK)V x 6 x 10 20 ]. 

Assuming P < 0.01, F* = 0/(1 + Q). (For 
example, if Q = l, the fraction of analyte 
molecules bound by labelled antibody = 05 
approximately). Thus, since the number of 
analyte molecules bound to the spot is given by 
vCDAK/(v x 6 x 10 20 + DAK), the number of 
analyte molecules labelled by the second, de- 
veloping, antibody is given by vCDAKQIUy x 6 
x 10 20 + DA K)(] + Q)), and the surface density 
of such molecules is given by vCDKQ/[(v x 6 x 
10 20 + DAK) (1 + 01. Moreover, assuming that 
DAK « v x 6 x 10 20 (i.e. that the amount of 
antibody m the system is such that 'ambient assay' 
conditions prevail, then the surface density (D*) 
of developing-antibody molecules = CDKQ/[(6 
x 10-°)(1 + Q)} approximately. It should be 
noted that D* is independent of both v and V 
also that the ratio D'/D = C x KQ/[(6 x 1(P)(1 
+ Q )) = C x constant. 

If the minimum detectable surface density of 
developing-antibody molecules (i.e. OpS, the 
standard deviation of the measurement of D* 
when c ° °) >s given by D* in (moleculesW) 
and Cmin represents the minimum detectable 
analyte concentration in the test sample, then. 
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disregarding non-specific binding of developing 
antibody within the microspot area, 

C min = Z> mjn x [(6 x JO 20 ^] 4 Q)]IDKQ (4) 

For example, if Q = 1, D - 10 5 molecules/um 2 , /C 
= 10" L/M and £> mjB = 20 molecules/um 2 , then 
Cmi„ = 2.4 x ]0 6 molecuies/ml = 10" ,5 M/L. It 
should be noted, in this example, the fractional 
occupancy of the sensing antibody binding sites 
by the minimum detectable analyte concentration 
is 0.04%. 



Case 2: anti-idiotypic antibody ('competitive') 
assay. In this case, we assume that, following 
removal of the sample, the microspot is exposed 
to a volume V^ml) of a solution of (for example) a 
second, labelled, anti-idiotypic antibody reacting 
with unoccupied sites on the sensing antibody. 
Using similar reasoning as above, we may 
ikewise assume that the fraction of such sites 
vhich become occupied by the anti-idiotypic 
developing' antibody is given by Ql{\ + 'q\, 
yhere Q is the developing-antibody concentra- 
ion. However, the minimum detectable surface 
iensity of anti-idiotypic antibody is not, in a 
:ompetitive design, the critical determinant of 
tssay sensitivity; this parameter is essentially 
roverned by the precision of the density measure- 
nent. 

From Eq. (1), the fraction of sites unoccupied 
y analyte = 1/(1 + p), and the fraction occupied 
y anti-idiotypic antibody = Q/(] + p )(] + q\ 
"hus, if the CV in the measurement of anti- 
liotypic antibody is e, the standard deviation is 
2/(1 + p)0 + Q)- This term also represents the 
D in the estimate of the fraction of sites occupied 
y analyte. Since the total number of antibody 
nding sites in the spot is DA, the SD in the 
;timate of occupied sites as p -» 0 (i e oD,T) 
jproximates zDAQl{\ + Q); the SD in the 
xupied site surface-density estimate is thus 
)Q/(1 + Q). But the SD in the measurement of 
actional binding-site occupancy when p .-* 0 
;fines D min , and hence the minimum detectable 
lalyte concentration in the test sample as 
dicated in Eq (4). 
Thus 

= -Dmin x [(6 x KPXl + Q))iDKQ (5) 

= tDQI{\ + Q)± [(6 x lO^Xl + 0] 

DKQ (6) 

= zlK x (6 x 10 20 ) (7) 



For example, if values of 2 = 1, D = 10 s 
molecules/urn 2 , and K = 10" UM are'assumed as 
in the non-competitive example considered 
above, and the CV in the measurement of 
anti-idiotypic antibody density in the microspot is 
1% (i.e. e = 0.01), then D mi = 500 molecules/ 
MjJL,» 3 and c min = 6 x ]0' molecules/mi = 
10 M/L. Fractional occupancy of the sensing 
antibody binding sites by the minimum detectable 
analyte concentration is, in this example, 1% It 
should be noted that the sensitivity limit of t/K 
(expressed in molar terms) is identical to that 
preywusly established for conventional 'competi- 
tive assays (Ekins and Newman, 1970). and 
which underlies the predictions represented in 
Fig. 4. 

Such considerations appear to suggest (a) that 
microspot assay sensitivities superior to those 
obtainable by conventional radioisotopically 
based immunoassays are achievable, and (b) that 
sensitivities yielded by non-competitive microspot 
assays are likely to be considerably greater than 
those of corresponding compeiitive microspot 
assays. It must be emphasized, however that 
though such predictions are likely to 'prove 
correct, assumptions regarding the performance 
of the labels and signal-measuring instrument 
used are incorporated in the simple theoretical 
analysis discussed above. Such factors are clearly 
of importance in determining overall microspot 
immunoassay performance. 



ran 



Practical implementation 

The concepts discussed above are clearly exploit- 
able using a variety of antibody labels, including 
chemiluminescent labels; however, our prelimin- 
ary studies have been based on the use of 
conventional fluorophores, since the technology 
of simultaneous measurement of dual fluoresc- 
ence from small areas is already well established 
Because this volume centres on chemiluminesc- 
ence, we shall provide only a brief indication of 
our initial experimental work in this area which is 
currently based on the use of commercially 
available confocal microscopes. 

scanning confocal 
microscope. In laser scanning confocal fluoreso- 
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ence microscopy, a small area of the specimen is 
illuminated by a focused laser beam; the fluoresc- 
ence photons emanating solely from this area are, 
in turn, focused onto a photon detector. Both the 
intensity of illumination and the efficiency of light 
collection diminish rapidly with distance from the 
focal plane (Fig. 12). At the 'confocal' point, the 
projection of the illumination pinhole and the 
back-projection of the detector pinhole coincide. 
Such systems contrast with conventional epi- 
fluorescence methods, where the specimen is 
exposed to an essentially uniform flux of illumina- 
tion (White etaL, 1987). 



Sensitivity of current instruments. Tvpically 
fluorescence photons emanating from the laser- 



Laser 




Beam 
Splitter 



Detector 



Objectivi 



Object 

in Focal Plane 
not in Focal Plane 



microscope. IHuminatinq 
light is focused at a point in the focal plane. Reflected light 
from this point is focused onto a detector. A complete 
two-dimensional image of structures within the focal plane is 
obtained by scanning the selected area of interest, and may 
be stored in a microcomputer for video display 



illuminated area are detected by a low dark 
current photomultipl ier. Electrons spontaneous! v* 
emitted by the photomultiplier photocatnode 
contribute to the background signal ofJhe 
instrument and must, for highest sensitivity be 
minimized. Fortunately the overall design of such 

SEE 8 ? ^V^T^A phot- 



cathode to be of very small area, so that thh 
particular source of background noise is not only 

™i C3n u 6 ex P ected <° reduce in relative 
miportance with future improvement in photo- 
multiplier ; design. Meanwhile current instruments 
already display very high sensitivity of detection 
of fluorescent signals. For example, the confocal 
microscope manufactured by Zeiss is claimed to 
display a lower detection limit for fluorescein of 
about ten molecules/um 2 (Ploem, 1986). Most 
commercially available FITC-labelled IgG attains 
a fluorophore/protein molar ratio of -4- thus the 
detection limit (£>• ) of the Zeiss microscope is 
~2-3 FITC-labelled IgG molecules/um 2 . This 
implies an analyte-concentration detection limit 
ot -2.4 x 10 molecules/ml for a two-site assay 
assuming the same parameter values as used in 
the examples discussed above, or 2 4 x 10* 

Sl/M S/m ' USing 3 ' SenSing ' antibod y of affinity 
Another comparable instrument is the Bio- 
Rad/Lasersharp laser scanning confocal micro- 
scope, which we are currently using in the 
development of 'ratiometric' multi-analyte assay 
methodology ,n accordance with the principles 
outhned above (see Fig. 13). The argon lase? in 
this system possesses two excitation lines at 488 
and 514 nm. It is thus particularly efficient for the 

ZTT F?4r' U , e/ f re f n emittin S fluorophores 
such as FITC (which displays an excitation 

max.mum at 492 nm). However, it is considerably 
less efficient in the excitation of red-emitting 
fluorophores such as Texas red (excitation max- 
imum 596 nm). However, the ratiometric im- 
munoassay principle permits considerable varia- 
tion in detection efficiencies of the two labels 
rel.ed on since, inter alio, the specific activities of 
the two labelled antibody species forming the 
antibody couplets can be chosen to yield optimal 
signal ratios in the region of unity. Thus 
inefficiency of the argon laser in exciting red 
emitting fluorophores is not necessarily a major 
handicap in the present context. 

tne current Lasersharp instrument 
relies on a conventional microscope rather than a 
purpose-designed optical system (and appears to 
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Figure 13. Dual-channel confocal fluorescence miemem^ 
permitting simultaneous measurement ^flSSSS 
s-gnais from two fluorophors situated at the focJS £ 
scanning the ant.body array, the ratio of signal rSm each 
antibody microspot may be determined 

be less sensitive), it permits quantification of 
fluorescence signals generated from microsp°ots of 
selected area. Initial studies have revealed that 
under condmons that are not necessarily optima ' 
the instrument ,s capable of detecting approx- 
miately twenty-five FJTClabelled J |G molecules/ 
um , scanning an area of ~50um f (Fie 14} Tt 
must be stressed that neither of these confoca 
microscopes are designed specifically for rouiine 
rat.ometnc multi-analyte immunoassay us 'and 
it can be anticipated that future imtruments 
constructed specifically for this purpose are S 
to prove both cheaper and more sensitive * 

Other instruments. The MPM 200 Microscope 
notometer manufactured by Zeiss of West 
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Snrl an ^'- S f tic, 'P ated <° become available 

HZ^' I be USed ,n transmission and 

fluorfmeL 1 ^ 65 ' ■ M 3 ^ 
fluonmeter. The measunng field can be varied in 

hape and size for optimum adjustment to the 
specimen structure. More genera Iv the terhnnJ 
ogy of sensitive light measlreme^ 
rapidly ,„ response to needs in astronomy hf 
space program etc., such technologv cleaPbe int 
readily exploitable in a multi-analvte imm Un o 
assay context using light-generating labels fn 
accordance with the broad VincipJef Rented 

Solid antibody supports. On the basis of the 
theoretical cons.derations discussed above it is 
evident that solid antibody supports for mult 1 
analyte immunoassay use should display a canar 

clh- ad H° rb 1 high Surface dens7y P o7ant?body 
combined w.th low intrinsic signal-eenerartne 

e P nce P r; e hus (f ° m r -tnnsilfiuoS 
ence), thus minimizing background. We have 

examined a number of materials, including 

P osfS ne ' Tef, °!]' Ce,,U,0se and "^oceTu! 
Jose membranes and microtitre plates (clear 

polystyrene plates from Nunc; black Site and 
clear polystyrene plates from Dynatech whh 
these criteria ,n mind. White Dynatech Mic o- 
fluor microtitre plates, formulated specially for 
the detection of low fluorescence JnaU yieYd 
h.gh s.gnal-to-noise ratios and have t^heref ore 
bee^prov^onany used in our deve.opmS 



Surface density of antibody coating. Preliminary 
experiments using Microfluor plates have r? 
r!f ' ed H that * is Possible to coa them w th 
ant.body at a surface density of a, least 5 x S 
JgG molecules/um 2 (Fig. 15). Moreover nearly all 
antibody molecules so deposited appear to regain 
immunological activity (Fig. 16). 

Verification of the 'ratiometric' imunoassay con- 
cept. Our primary intention, in initial studies has 
been establ.shment of the basic conditions which 

can be anticinateri 
on theoretical grounds to yield high assav 
sensitiv.ty. Though the setting up of individual 
microspot immunoassays has thus P pp earei o u 

Lerof Se o°u nda ?'J mp0rtanCe du " n * < he in*" 
stages of our stud.es, we have nevertheless 
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Figure 14. Fluorescence signal (arbitrarv unh*\ 

ploned as a funct.cn of the densit^ ^Z^SS^!^ EKo-Rad/Lasersnarp scanning confoca. microscope 
Microfluor white microtitre plates ed ' gG molecu| es (number of molecules/nm>) deposited on DynSJS 
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Figure 16. Surface density of immunoreactive IgG molecules (number of molecules/jim 2 ) plotted as a function of the total 
surface d nsity of IgG (number of molecules/urn 2 ) on Dynatech Microfluor white microtitre plates 



thought it useful to confirm the validity of our 
general concepts by comparing the performance 
of certain assays when constructed in microspot 
format and when conventionally designed. For 
example, we have compared a dual-labelled 
tumour necrosis factor (TNF) ratiometric assay 
system using Texas red and FITC-labelled anti- 
bodies with an optimized IRMA system using 
identical antibodies but with the second antibody 
l25 I-labelled. Although unoptimized, the 
ratiometric microspot assay yielded formal sensi- 
tivity values closely approaching that of the 
conventional, optimized, IRMA. Although 
verifying the general concepts underlying 
ratiometric microspot immunoassay methodolo- 
gy, further work is required to achieve the 
considerably greater sensitivity that theory pre- 
dicts as achievable using optimized reagent 
concentrations and improved instrumentation. 



CONCLUSION 

As indicated above, differentiation of the fluores- 
cent signals yielded by two fluorophores can be 
readily achieved solely on the basis of wavelength 
differences, and this approach has been relied on 
entirely in our preliminary studies. However, 



other physical techniques exploiting differences in 
decay time of two or more fluorescence emissions 
(using, for example, a pulsed or sinusoidally 
modulated laser source, and time- or phase- 
resolving detectors) are available, and can be 
expected both to further reduce background and 
to improve signal resolution, thus increasing assay 
sensitivity and precision. These considerations 
aside, the basic technology involved closely 
resembles that employed in domestic compact 
disk recorders and other similar data-storage 
devices, the obvious difference being that light 
emitted from each of the discrete zones forming 
the antibody-array is fluorescent rather than 
reflected, and yields chemical rather than physical 
information. Indeed, our preliminary studies 
suggest that highly sensitive immunoassays using 
antibody microspots of surface area approximat- 
ing 50fim 2 are achievable, implying that some 
2,000.000 different immunoassays could, in prin- 
ciple, be accommodated on a surface area of 
1 cm 2 . Though non-specific binding of a multiplic- 
ity of developing antibodies would probably 
prohibit the use of antibody arrays of this order, it 
is evident that the technology is capable 'of 
encompassing analyte numbers of the kind likely 
to be useful in practice. 

The development of multi-analyte assay sys- 
tems of this kind can be anticipated to bring about 
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fundamental changes in medical diagnosis and 
many other biologically related areas. Systems 
capable of measuring every hormone and other 
endocrinologically related substance within a 
single small sample of blood are within technolo- 
gical reach, providing data which, when analysed 
with the aid of computer-based 'expert' pattern- 
recognition systems, are likely to reveal endoc- 
rine deficiences only dimly perceived using 
current 4 single-analyte' diagnostic procedures. 
Such systems also provide a means to the 
development of a 'random access' immunoassay 
methodology, permitting the selection of any 
desired test or combination of tests from an 
extensive analyte menu. Clearly the accommoda- 
tion of a wide range of individual immunoassays 
on a small immunoprobe (comparable in its 
overall physical dimensions with a few drops of 
blood) is likely to totally transform the logistics of 
immunodiagnostic testing, and genuinely repre- 
sents, in our view, 4 next generation' immunoassay 
methodology. 
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